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Abstract

Background: Previously we demonstrated that DNA vaccination of nonhuman primates (NHP) with a small subset
of vaccinia virus (VACV) immunogens (L1, A27, A33, B5) protects against lethal monkeypox virus challenge. The L1
and A27 components of this vaccine target the mature virion (MV) whereas A33 and B5 target the enveloped
virion (EV).

Results: Here, we demonstrated that the antibodies produced in vaccinated NHPs were sufficient to confer
protection in a murine model of lethal Orthopoxvirus infection. We further explored the concept of using DNA
vaccine technology to produce immunogen-specific polyclonal antibodies that could then be combined into
cocktails as potential immunoprophylactic/therapeutics. Specifically, we used DNA vaccines delivered by muscle
electroporation to produce polyclonal antibodies against the L1, A27, A33, and B5 in New Zealand white rabbits.
The polyclonal antibodies neutralized both MV and EV in cell culture. The ability of antibody cocktails consisting of
anti-MV, anti-EV, or a combination of anti-MV/EV to protect BALB/c mice was evaluated as was the efficacy of the
anti-MV/EV mixture in a mouse model of progressive vaccinia. In addition to evaluating weight loss and lethality,
bioimaging technology was used to characterize the spread of the VACV infections in mice. We found that the
anti-EV cocktail, but not the anti-MV cocktail, limited virus spread and lethality.

Conclusions: A combination of anti-MV/EV antibodies was significantly more protective than anti-EV antibodies
alone. These data suggest that DNA vaccine technology could be used to produce a polyclonal antibody cocktail
as a possible product to replace vaccinia immune globulin.

Keywords: Smallpox, vaccinia immunoglobulin, monoclonal antibody, passive protection, DNA vaccine, polyclonal
antibody, bioluminescence

Background
Naturally occurring smallpox has been eradicated. How-
ever, the possibility that smallpox, caused by variola
virus (VARV), or a genetically engineered Orthopoxvirus,
might be reintroduced through a nefarious act remains a
low-probability, but high-impact threat. Additionally,
monkeypox virus (MPXV) is an emerging virus that
causes endemic disease in central Africa and cowpox
has caused sporadic serious cases of disease in Europe.

These zoonotic viruses have the potential to spread and
cause morbidity and mortality in animals and humans
[1-4]. Examples of such unexpected long-range spread
of these diseases include the monkeypox outbreak in
midwestern United States [5] and the recent cowpox
outbreaks in Germany [6]. Currently licensed medical
countermeasures to prevent Orthopoxvirus disease
include a live-virus vaccine [7], and vaccinia immune
globulin intravenous (VIGIV) to treat adverse events
associated with that vaccine [8].
The licensed smallpox vaccine (ACAM2000) is com-

prised of live-vaccinia virus (VACV) delivered to the
skin using a bifurcated needle [7,9]. The health risks
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associated with live virus vaccination (e.g., ACAM2000)
[10,11] necessitate that supplies of VIGIV be available in
sufficient quantities to treat certain adverse events asso-
ciated with the vaccine including eczema vaccinatum,
progressive vaccinia, severe generalized vaccinia, VACV
infections in individuals who have skin conditions, and
other aberrant VACV infections [12]. VIGIV is a US-
licensed drug manufactured by the fractionation of
hyperimmune plasma derived from persons vaccinated
with the live-VACV vaccine [13]. While vaccinia
immune globulins have been used in various forms for
decades [14-17], efficacy has not been demonstrated in
placebo-controlled clinical trials due both to the rare
nature of vaccinia-related adverse events and ethical
concerns regarding withholding of potentially effective
treatments [13]. As is the case with nearly all polyclonal
products, the relative protective contribution of the indi-
vidual antibodies that compose VIGIV are not well
understood. Because the hyperimmune plasma is
obtained from persons vaccinated with ACAM2000, it
contains not only protective antibodies, but also VACV-
specific antibodies that do not contribute to protective
immunity. It may be possible to replace this immu-
notherapeutic with a more defined product comprised
of a cocktail of polyclonal or monoclonal antibodies tar-
geting key protective epitopes in VACV.
Only a small subset of the ~200 open reading frames

in the Orthopoxvirus genome encode proteins that have
been implicated in protective immunity. Most of these
proteins are found on the surfaces of the two infectious
forms of orthopoxviruses: the mature virion (MV) and
the extracellular enveloped virion (EV). Targets include
the MV proteins encoded by the L1R, A27L, D8L, H3L
open reading frames; and the EV proteins encoded by
A33R and B5R [18-39]. Studies involving active vaccina-
tion with protein- or gene-based subunit vaccines, as
well as passive transfer studies using monoclonal antibo-
dies, have found that combinations of MV and EV tar-
gets afford improved protection over MV or EV alone
[24,30,31].
Based on the safety profile of Dryvax, ACAM2000,

and other live-vaccinia-based vaccines [7,10,11], a safer
(poorly replicating) smallpox vaccine would be ideal,
especially for at-risk populations. One such vaccinia
strain, modified vaccinia Ankara (MVA) has been the
focus of extensive research to determine if it is an
acceptable alternative to existing vaccinia strains. MVA
and its derivative strains are highly attenuated, and
undergo limited replication in primate cells [40]. While
the MVA-based vaccines are immunogenic and have a
favorable safety profile, higher doses of vaccine and mul-
tiple administrations of vaccine are required to achieve
adequate titers. Moreover, the duration of immunity
(both humoral and cellular) remains a concern with the

MVA-based vaccine candidates. An alternative approach
for the development of safer yet efficacious vaccines is
to avoid the use of live-virus-based vaccines entirely and
instead identify specific subunits or epitopes from
Orthopoxvirus species that confer protection and vacci-
nate with those subunits. Protein- and gene-based subu-
nit vaccines against orthopoxviruses have been
investigated by a number of groups [18-39,41-44]; for
review see [45]. Our laboratory has focused on gene-
based vaccines involving a combination of two MV and
two EV targets. The four-target combination (L1R,
A27L, A33R, and B5R) has been termed 4pox for simpli-
city. This vaccine delivered by various technologies has
protected mice, rabbits, and nonhuman primates (NHP)
against VACV [28,31,33], rabbitpox virus (Hooper, J.W.,
et al manuscript forthcoming), and monkeypox virus
[32,34] and Golden, J.W., et al manuscript forthcoming).
Here, we investigated the protective efficacy of antibo-
dies elicited by the 4pox DNA vaccine. We found that
serum from immune NHP or rabbits could provide
complete protection from lethality in VACV intranasal
murine challenge models, as well as partial protection in
a mouse model of progressive vaccinia. Previously, we
showed that wholebody bioimaging technology can be
used to follow replication of TK+ recombinant WRvFire
and IHD-J-Luc vaccinia strains expressing luciferase
reporter gene in live mice [46,47]. Using this model sys-
tem, we explored how anti-MV and anti-EV polyclonal
sera limit VACV dissemination in mice. Our findings
demonstrate that cocktails comprised of a combination
of anti-EV polyclonal antibodies are more effective than
anti-MV antibodies in preventing virus replication and
dissemination from the nasal cavity to lungs, spleen and
liver. However, the most significant protection from
weight loss and pox lesion development was achieved by
a combination of anti-EV and anti-MV polyclonal anti-
bodies. This proof-of-concept study revealed that DNA
vaccine technology can indeed be used to make a cock-
tail of polyclonal antibodies that can be used as a viable
immunotherapeutic to treat Orthopoxvirus disease.

Results
Sera from NHP vaccinated with the 4pox DNA vaccine
protected mice against lethal respiratory challenge with
VACV
Previously, we demonstrated that it was possible to vac-
cinate NHP with the 4pox (L1, A27, B5, A33) DNA vac-
cine using various gene-based delivery technologies and
protect against lethal MPXV [32,34]and Golden, J.W., et
al manuscript in forthcoming). To test whether the
humoral responses produced by these vaccines were suf-
ficient to confer protection, we tested sera from NHP
vaccinated with either the 4pox DNA vaccine (L1, A33,
B5 and A33), L1R-alone or Dryvax, for the capacity to
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protect mice from lethal VACV infection. Normal mon-
key sera (NMS) and murine monoclonal antibodies were
included as controls. Sera were injected subcutaneously
1 day before challenge with VACV. The 4pox and Dry-
vax sera protected all mice from lethal disease (Figure
1A). In contrast, sera from NHP vaccinated with the L1
DNA only protected 50% of the mice, and all of the ani-
mals receiving NMS sera or a negative control mouse
MAb succumbed to disease. Weight loss in mice
injected with the 4pox or Dryvax sera was similar to the
weight loss in mice receiving 100 μg of L1-specific posi-
tive controls MAb-7D11 or MAb-10F5, indicating simi-
lar mild disease in these groups (Figure 1B). These data
indicated for the first time that sera from a NHP vacci-
nated with a molecular smallpox vaccine can confer
protection in a model of orthopoxvirus disease.

Vaccination of rabbits with L1R, A27L, B5R and A33L DNA
vaccines by muscle electroporation elicits antibody
responses against each target immunogen
To investigate the possibility of producing a protective
immunogen-specific polyclonal antibody cocktail using
DNA vaccine technology, we used individual DNA vac-
cine plasmids to produce polyclonal antibodies in sepa-
rate rabbits. Rabbits were vaccinated three times by
muscle electroporation on days 0, 28, and 56 with DNA
vaccines encoding L1, A27, B5, or A33 proteins. Sera
collected on days 0, 28, 42, and 70 were evaluated for
anti-poxvirus antibodies by immunogen-specific ELISA,
PRNT, and EV inhibition assay (Figure 2). ELISA results
are shown in Figure 2A. All prevaccination (day 0) sera
were negative for VACV-specific antibodies by ELISA.
After a single vaccination, anti-L1, -A27, and -B5 anti-
bodies were detected, while antibodies against A33 were
not detected until after the second vaccination with the
A33R DNA vaccine. After the third vaccination (day
70), high-titer antibodies against L1 (GMT = 4.3), A27
(GMT = 3.9), B5 (GMT = 4.6), and A33 (GMT = 5)
were produced. PRNT results are shown in Figure 2B.
As expected [28,30-34], only the A27L and L1R DNA
vaccines elicited MV neutralizing antibodies. Two of the
three rabbits vaccinated with L1R developed neutralizing
antibodies after one vaccination, and all three developed
titers > 1000 after the third vaccination. Only two of the
three rabbits vaccinated with A27L developed neutraliz-
ing antibodies, both after the second vaccination. EV
inhibition assay results are shown in Figure 2C. Sera
from rabbits vaccinated with A33R, B5R, or A27L DNA
vaccines were tested for a capacity to inhibit the spread
of EV. EV spread was inhibited by sera from animals
vaccinated with either B5R or A33R DNA vaccines, but
not by the A27L vaccine (Figure 2C). The anti-B5
response was more effective than the anti-A33 responses
at inhibiting EV spread. We also examined the ability of

anti-EV antibodies to neutralize or disrupt EV particles
in the presence or absence of complement + anti-L1
MAb-10F5. Sera from B5-vaccinated rabbits neutralized
EV particles in the presence or absence of complement
with titers of 180 and > 1280, respectively (Figure 2D).
In contrast, anti-A33 sera only neutralized EVs in the
presence of complement with a titer of > 1280. Sera
from A27-vaccinated animals did not neutralize EVs.
Together, these findings demonstrated that it was possi-
ble to use muscle electroporation for plasmid DNA vac-
cination to generate polyclonal antibodies that not only
bound to L1, A27, A33, and B5, but also were function-
ally active; two of the vaccines (L1R and A27L) elicited
MV neutralizing antibodies, and the other two vaccines
(A33 and B5) elicited antibodies that inhibited EV
spread in cell culture.

Bioimaging of normal BALB/c mice infected with IHD-J-
Luc recombinant vaccinia virus after prophylactic
treatments with immune rabbit sera
Having generated antibodies against L1, A27, B5 and
A33, we next characterized the ability of these molecules
to prevent viral dissemination and protect mice from
lethal VACV infection when delivered as combinations
against the EV and/or MV particles. Equal volumes of
day 70 sera from rabbits vaccinated with the L1R, A27L,
A33R, and B5R DNA vaccines were combined to make
a quadrivalent polyclonal antibody (QVPA) cocktail at a
1:1:1:1 ratio (Table 1). QVPA was characterized by
ELISA, PRNT, and an EV-spread assay to confirm bind-
ing and functional activity. ELISA titers (log10) against
L1, A33, A27, and B5 were 4, 4, 5, and 5, respectively.
The VACV PRNT50 titer was 3620. The QVPA reprodu-
cibly inhibited EV spread when diluted 1:100 (data not
shown). Additionally, QVPA neutralized EV particles
with an EV neutralization titer of 80. In the presence of
complement the EV neutralization titer markedly
increased to > 1280. Anti-MV (A27 and L1) and anti-
EV (A33 and B5) targeting combinations where gener-
ated such that the amount of antibodies against each
target were equimolar to that of the QVPA. Further-
more, to better understand the mechanisms by which
QVPA, anti-MV, and anti-EV rabbit sera protect ani-
mals, we used whole-body bioimaging to follow virus
replication and dissemination to the lungs and internal
organs after intranasal inoculation of BALB/c mice with
IHD-J-Luc recombinant VACV expressing luciferase
[46,47]. Mice were inoculated with a single dose of the
anti-MV, anti-EV, or QVPA cocktails, with NRS, or
with PBS in control 1 day before intranasal challenge
with 105 PFU of IHD-J-Luc and were followed for survi-
val and weight loss (Figure 3). Control mice and mice
that received NRS succumbed to death between days 7-
8. QVPA sera protected 100% of mice from lethality, as
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well as morbidity as judged by significantly reduced
weight loss on days 5, 6, and 7 compared with control
animals (Figure 3A and 3B and Table 2). Anti-EV cock-
tail protected 100% of mice against IHD-J-Luc-induced
lethality, yet it did not protect from weight loss (Figure

3A and 3B and Table 2). Anti-MV cocktail did not pro-
tect from lethality or from weight loss in the IHD-J-Luc
challenge model (Figure 3).
All mice were subjected to bioimaging daily for 10

days using IVIS 50 instrument and bioluminescence
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Figure 1 Sera from vaccinated NHP can protect mice from lethal VACV challenge. Groups of eight mice were injected subcutaneously with
heat-inactivated sera collected from NHP previously vaccinated [34] with Dryvax (NHP ID# CH63 ref. x), 4pox DNA vaccine (NHP ID# CH93), L1R
DNA vaccine (NHP ID# CH63), or an irrelevant DNA vaccine (NHP ID# CH02). As positive controls for protection, groups of eight mice were
injected with 100 μg of purified anti-L1 murine monoclonal antibodies MAb-7D11 or MAb-10F5. As negative controls, eight mice received 100
μg of an irrelevant murine monoclonal antibody (MAb-3d7). One day after injection with NHP sera or murine MAbs, the mice were challenged
with 2 × 106 PFUPFU of VACV strain IHD-J intransally. Percent survival (A) and percent group weight loss (B) were plotted. In this experiment,
individual mouse weights were not recorded.
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Figure 2 Antibody responses after vaccination with individual poxvirus DNA vaccines administered using muscle electroporation. A.
Sera collected from three rabbits vaccinated with pWRG/A33R, or pWRG/B5R, or pWRG/A27L, or pWRG/TPA-L1R(opt) were tested for antibodies
that bind A33, B5, A27, and L1 by immunogen-specific ELISA. Symbols represent mean endpoint ELISA titers ± SE. The limit of detection was a
titer of 2 log10 (dashed line). B. Sera from rabbits vaccinated with the MV-specific targets, L1 and A27, were tested for VACV neutralizing
antibodies by PRNT. Titers for each time-point are shown for individual rabbits. The limit of detection was a titer of 20 (dashed line). C. Day 70
sera from rabbits vaccinated with the EV-specific targets, A33 and B5, were tested for their capacity to prevent the spread of EV in an EV spread
inhibition assay. Sera from rabbits vaccinated with pWRG/A27L were included as negative controls. Other controls included wells that were
overlain with methylcellulose after the adsorption step (no EV spread) and well that received media without dilute sera (no sera control).
Symbols represent sera diluted 1:14-1:56. Numbers of satellite plaques per well are shown as scatter graphs. The mean ± SD for each serum
sample is shown. Rabbit ID # and the plasmid vaccine used to generate the sera are shown on the x-axis. D. Sera from rabbits were diluted and
samples were incubated with fresh EV particles in the presence or absence of complement as indicated. EV neutraliation titers were determined
as described in the material and methods. The limit of detection was a titer of 40 (dashed line).
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recorded in the nasal cavity, lungs, liver, and spleen was
used to calculate mean total fluxes ± SD (Figure 4A-D).
Representative images collected on sequential days from
control group and from QVPA-treated group exhibiting
bioluminescence in the nasal cavity, lungs, spleen, and
liver are shown in the Additional File 1. Background
bioluminescence in internal organs was measured in
BALB/c mice before infection and the mean total fluxes
were around 104 photons/second (p/s) in the nasal cav-
ity, liver, and spleen and 105 p/s in the lungs (Data not
shown). At 24 h postinfection with IHD-J-Luc, all mice
exhibited bioluminescence signal in the nasal cavity that
was on average two logs above background (Figure 4A).
In PBS-treated mice and in mice that received NRS or
anti-MV cocktail, mean total fluxes increased rapidly
within first 4 days postinfection and were maintained at
high levels until mice succumbed to death (Figure 4A,
Additional File 1A, and data not shown). In the nasal
cavities of QVPA and of anti-EV pretreated mice, viral
replication increased between days 2-6 and then
returned to background levels by day 10-14 (Figure 4A).
None of the immune rabbit sera prevented initial disse-
mination of IHD-J-Luc from the site of inoculation to
internal organs (lungs, liver, or spleen) (Figure 4B, C
and 4D). Yet clear differences between treatment groups
were noted. In mice that received QVPA and anti-EV
cocktails, the mean total fluxes within the internal
organs increased during days 1-4, reached plateau on
days 4-6, and then dropped to background levels on day
8 (Figure 4B-D blue and red lines). In contrast, mice
that received anti-MV cocktail showed higher signals
throughout the observation period and the curves were
indistinguishable from the NRS control group. Mean
total fluxes were 2 logs higher in mice from MV- and
from NRS-treated groups that survived by day 8 com-
pared with mice that received QVPA or anti-EV cocktail
(Figure 4B-D).
To determine if differences in total fluxes between

mice that received rabbit sera and control mice were
significant, we subjected total fluxes recorded in indivi-
dual mice between days 2 and 6 to t statistic (Figure 4E-
H). All values above the horizontal lines represent statis-
tically significant differences between total fluxes of a

given treatment group compared with PBS-treated con-
trol animals. The mean total fluxes in the nasal cavity
were significantly different between mice that received
anti-EV or QVPA cocktails and control mice on days 3-
6 or 4-6, respectively (Figure 4E red and blue bars). In
the lungs, anti-EV and QVPA significantly reduced
mean total fluxes on days 5 and 6 and on days 3, 5, and
6, respectively. In the liver, the significant differences for
the same groups were observed on days 2-6 (Figure 4G),
and in the spleen on days 3, 5, and 6 and days 3-6,
respectively (Figure 3F and 3H). NRS and anti-MV
cocktail did not significantly reduce mean total fluxes in
any organ (Figure 4E-H, green and purple bars).
Altogether these data showed that QVPA and anti-EV

cocktails, but not anti-MV cocktail, protected animals
from lethality and significantly reduced viral replication
at the site of inoculation, as well as in the lungs, spleen,
and liver. Importantly, the reduction in viral replications
was observed as early as day 3 in the nasal cavity, liver,
and spleen, and was sustained for the following days.
Thus, bioimaging allowed us to confirm that effective
protection from lethality by rabbit immune sera corre-
lated with early (day 3-4) reduction of viral loads in key
organs.

Reduction in pox formation after pretreatment with
antibody cocktails
We next examined the ability of immune rabbit sera to
prevent pox formation in the tails of infected mice. Pox
lesions were scored as bioluminescence foci on the tails
of each animal on days 3-6 postchallenge (Figure 5A).
All control animals, animals that received NRS, or anti-
MV cocktail generated pox lesions (Figure 5B and 5C).
QVPA cocktail both dramatically reduced the numbers
of mice with pox lesions and the number of pox lesions
per animal (Figure 5B and 5C). All mice that received
anti-EV cocktail developed pox lesions but the numbers
of lesions per animal were significantly lower than in
control group (Figure 5B and 5C). These data showed
that QVPA cocktail that contains antibodies against
both EV and MV viral isoforms was the most efficient
in preventing pox lesion development. The anti-EV anti-
body cocktail curtailed virus dissemination to internal
organs (Figure 4), but did not completely prevent pox
lesion formation. Anti-MV antibodies did not affect pox
lesions on their own, but did contribute to protection
from pox lesion development when combined with the
anti EV antibodies in the QVPA cocktail

QVPA protects SCID mice from lethal disease
Scarification of severely immunodeficient mice (SCID)
results in expanding lesions at the vaccination site in a
manner that closely resembles human progressive vacci-
nia, a severe life-threatening complication observed with

Table 1 Polyclonal antibody cocktails used in studies

Day 70 rabbit sera

Cocktail anti-L1R anti-A27 anti-A33 anti-B5 ratio

QVPA #2834 #2485 #2478 #2482 1:1:1:1

anti-MV #2834 #2485 - - 1:1

anti-EV - - #2478 #2482 1:1

NRS #1339 - - - NA

NRS = normal rabbit sera

NA = not applicable
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Figure 3 Testing of rabbit sera cocktails against MV, EV, or a combination of MV and EV (QVPA) in a lethal IHD-J-Luc vaccinia virus
intranasal challenge model. BALB/c mice were inoculated with anti-MV (purple), anti-EV (red), or QVPA (blue) cocktails, or with normal rabbit
sera, (NRS, green) one day before challenge with IHD-J-Luc; control mice received similar volumes of PBS and are shown in black. Mice were
observed for lethality (A) and for weight loss (B) for 21 and 14 days, respectively. The anti-MV cocktail contained1:1 mixture of anti-L1 and anti-
A27 sera. Anti-EV cocktail contained 1:1 mixture of anti-B5 and anti-A33 sera. QVPA (Lot 1) contains both anti-MV and anti-EV polyclonal sera and
PBS as described in Material and Methods. The IHD-J-Luc control group, n = 9, all other groups, n = 6.
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live-virus vaccinia vaccines [48]. We utilized this model
to test the protective efficacy of QVPA. Mice were trea-
ted with 0.2 mL of placebo (PBS), 10 mg of VIGIV, 0.2
mL of QVPA at 1:10 or 1:100 dilutions in PBS, or 0.2
mL of NRS at 1:10 in PBS on days 2, 5, 10, and 15. The
VIGIV used in this experiment had a PRNT50 titer =
453. ELISA titers (log10) against L1, A33, A27, and B5
were 2, 3.5, 3, and 4, respectively. We previously
demonstrated that this aggressive VIGIV therapeutic
regimen protects immunocompromised mice against
progressive vaccinia [49]. Here, survival in the VIGIV
treatment group was 85%, with 0% of placebo mice sur-
viving. QVPA was also effective in preventing death in
infected mice under identical treatment conditions,
although a dose response was not observed (Figure 6A).
As expected, VIGIV treatment resulted in lesion regres-
sion in all mice by day 19. QVPA at either 1:10 or 1:100
also resulted in lesion regression in most mice and cor-
related with survival (Figure 6B). Several mice receiving
NRS also resolved the primary lesion, although they suc-
cumbed to VACV infection in a manner similar to pla-
cebo treated mice.

Discussion
Polyclonal antibodies targeting both the Orthopoxvirus
MVs and EVs are critical for protection
VIGIV is known to contain antibodies that bind proteins
on both the MV and EV [22,50,51]. More importantly,
this polyclonal product contains antibodies that neutra-
lize both MV and EV. Although it is not clear which
antibody subset in VIGIV is involved in protective
immunity, it is likely both subsets contribute to protec-
tion. Our group found [30,31,34], and it was later inde-
pendently confirmed [24], that combinations of antigens
targeting the two particles types of orthopoxviruses pro-
vided superior protection in vaccinated animals. Simi-
larly, Lutsig et al, demonstrated that monoclonal and
polyclonal antibody combinations targeting these mole-
cules provided enhanced protection compared to target-
ing individual viral molecules [52]. Here, we expanded
these studies and analyzed the impact of polyclonal anti-
bodies targeting EV and MV particles individually or
both EV/MV particles together (QVPA). Using

bioluminescent virus, we observed several differences in
the ability of anti-EV and anti-MV antibodies to protect
mice from VACV IHD-J. Anti-MV antibodies in
immune sera failed to provide protection against VACV
IHD-J, whereas antibodies against EV provided protec-
tion from lethality and significantly reduced viral repli-
cation at the site of inoculation (nasal cavity) and
reduced dissemination and/or replication in the lungs,
spleen, and liver. QVPA was most efficient in protecting
from lethality, and dissemination, and unlike anti-EV
cocktail, also significantly reduced weight loss. In addi-
tion, QVPA significantly reduced numbers of pox
lesions in surviving mice. Thus, of the three tested com-
binations, the EV and QVPA were similarly efficient in
preventing lethality, yet only QVPA also protected from
morbidity and pox lesion formation, suggesting that
both anti-EV and anti-MV antibodies are required for
complete protection.
The precise mechanism(s) by which anti-EV and anti-

MV antibodies mediated protection was beyond the
scope of this investigation. However, several mechan-
isms, none mutually exclusive, have been proposed.
Data from several studies indicate that anti-MV antibo-
dies mediate protection by neutralizing MV during
initial target cell interactions (e.g., attachment and pene-
tration) and by neutralizing MV released from lysed
infected cells or disrupted EV [53-58], and Schmaljohn
A., personal communication). Anti-EV antibody
mediated protection appears to be more complex and
likely involves multiple mechanisms [26,59,60]. These
may include the ability of anti-EV antibodies to prevent
viral egress [60], thereby preventing EV spread in vivo,
or to prevent EV binding and entry [26]. Recently, using
anti-B5 monoclonal antibodies, a role for complement
in protection was reported by the Crotty group [61].
Lustig et al, produced some evidence to suggest a syner-
gistic protective role of anti-EV and anti-MV antibodies
[58]. In this model, anti-EV antibodies play a role in
complement-mediated disruption of the EVs, followed
by MV neutralization by anti-MV targeting antibodies.
This may explain why combinations of antibodies tar-
geting both particle types are more effective at protec-
tion compared to individually targeting each particle.
We showed that both anti-A33 and anti-B5 antibodies
are capable of disrupting EV particles in the presence of
complement (Figure 2D), making the resultant MVs
subject to neutralization by anti-MV antibodies. Inter-
estingly, contrary to anti-B5 sera, anti-A33 antibodies
did not neutralize EV in the absence of complement.
These findings suggest that anti-A33 protection is pre-
dominantly mediated by complement, whereas anti-B5
mediated protection can be complement dependent or
independent. In the experiments described in this
report, rabbit antibodies were used in a murine system.

Table 2 Mean weight change in mice challenged with
VACV IHD-J following administration of rabbit sera

Percent weight change

Treatment Day 5 Day 6 Day 7

PBS -14.8 ± 4.7 -20.0 ± 4.2 -26.8 ± 3.0

Anti-MV -12.4 ± 4.3 -17.8 ± 6.3 -24.8 ± 3.6

Anti-EV -16.0 ± 5.7 -19.3 ± 6.2 -22.2 ± 5.1

Anti-QVPA -7.4 ± 4.8* -7.7 ± 8.3* -10.3 ± 8.3**

NRS -15.4 ± 3.7 -19.5 ± 2.7 -23.3 ± 2.2
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Figure 4 Bioluminescence in the organs of mice pretreated with rabbit sera before infection with IHD-J-Luc. Mice were inoculated s. c.
with anti-MV (purple), anti-EV (red) cocktails, or with QVPA (blue), NRS (green), or PBS (black) on day -1 and were infected with IHD-J-Luc VACV
on day 0. Animals were subjected to whole-body imaging daily for 10 days. Bioluminescence in the nasal cavity (A, E), lungs (B, F), liver C, G),
and spleen (D, H) was recorded and used to calculate mean total fluxes ± SD (A-D) and t-statistic (E-H). Axis “y” in panels E-H shows the value
of t; t ≥ 2.16 is significant at a = 0.05 (two-tailed) for groups of 6 mice; t = 2.16 is depicted with broken horizontal line (E-H).
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Figure 5 Effect of anti-MV and anti-EV rabbit sera on pox development in mice challenged with IHD-J-Luc. IHD-J-Luc challenged mice
described in the legend to Figure 4 were subjected to whole-body imaging. The representative images of tails of three mice from the control
group (PBS treatment) recorded on day 3 (top panel) and day 5 (lower panel) are shown (A). Pox lesions were scored using sequential daily
images and used to calculate mean number of pox lesions per animal per day ± SD on days 3-6 (B, C) and total number of animals that
developed pox lesions during observation period (C).

Golden et al. Virology Journal 2011, 8:441
http://www.virologyj.com/content/8/1/441

Page 10 of 18



The capacity of rabbit antibodies to fix murine comple-
ment is suboptimal [62]. Thus, it is likely that comple-
ment did not play as much of a role in the observed
protection that it would in a homologous system.
Regardless of mechanism, our findings clearly demon-
strate that addition of both EV and MV targeting anti-
bodies resulted in superior protection.

Antibodies against each antigen contribute to protection
The polyclonal anti-MV antibodies alone did not confer
significant protection in the VACV IHD-J i.n. challenge.
However, as shown in Figure 1, it is possible to protect
mice in the intranasal VACV IHD-J challenge model
using high concentrations of anti-MV monoclonal anti-
bodies. In that experiment, anti-L1 monoclonal antibo-
dies, MAb-7d11 or MAb-10F5, at a 100 μg/mouse dose
were protective. Both anti-L1 MAbs used in the

experiment had a 50% neutralization titer of ~10 ng/ml.
This value is the same that was reported for MAb-7D11
by Wolfe et al. [54]. Thus, the 100 μg dose was equiva-
lent to 10,000 neutralizing units per mouse. A dose-ran-
ging study using MAb-10F5 in the VACV IHD-J
intranasal model demonstrated that the protective effect
was diminished to 80% when 5,000 neutralizing units/
mouse were delivered, and undetectable when 500 neu-
tralizing units were delivered (Figure 7). The anti-MV
titer in QVPA PRNT50 titer = 3620. Thus, the 0.3 ml
dose delivered had only 1086 neutralizing units per
mouse; a dose insufficient for significant protection in
the absence of anti-EV antibody.
The polyclonal anti-EV component alone conferred a

significant level of protection in the VACV IHD-J
mouse model. The anti-A33 and anti-B5 antibodies
within this cocktail were capable of preventing the

Figure 6 Efficacy of immune rabbit sera in a mouse model of progressive vaccinia. Groups of 6-week old SCID/NCr mice (n = 7/group)
were scarified with VACV, then treated i.p. with PBS (placebo), VIGIV (10 mg), QVPA (1:10; 1:100), or NRS (1:10) on days 2, 5, 10, and 15. (A)
Survival was monitored out to 60 days postinfection. VIGIV and both QVPA dose groups showed a statistically significant increase (p < 0.05) in
median survival time compared to placebo or NRS. (B) Primary lesion size on day 19 was determined from digital photographs and compared
using one way ANOVA and Tukey’s multiple comparison. Treatment with VIGIV or either dose of QVPA resulted in statistically significant
reduction (p < 0.01) in lesion area.
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spread of EV in cell culture (Figure 2) suggesting the
antibodies were conferring protection by binding EV
and inhibiting spread in vivo. Our data demonstrate that
there was less spread within the nasal cavity, less spread
to the liver, lungs, and spleen, and even less spread as
measured by tail pox lesions. It is possible that the anti-
EV antibodies within the cocktail are also involved in
destruction of infected cells or other means of infection
clearance. The more rapid clearance of virus from the
nasal cavity, lungs, liver, and spleen (Figure 4) when
anti-EV antibodies were present support this possibility;
however, at this time we do not have any direct evi-
dence that antibodies in the QVPA are involved in anti-
body-dependent cell-mediated cytotoxicity (ADCC) or
complement-dependent cytotoxicity (CDC).

An alternative to VIGIV
VIGIV is an integral component of a multilayer strategy
to defend against orthopoxviruses, in particular as it
relates to biodefense preparedness. In recent years it has
been used in combination with other experimental
drugs to treat serious adverse events associated with
vaccination with the smallpox vaccine. For example, in
2009 VIGIV was used to treat a military smallpox vacci-
nee with progressive vaccinia [48]. In addition to its
value in treating vaccine adverse reactions, it is also
likely that VIG would be considered for use as an emer-
gency prophylactic or therapeutic during an Orthopox-
virus outbreak, such as the North American MPXV
outbreak in 2003 [63]. Despite its importance, the

precise anti-vaccinia antibody composition of VIGIV
and the mode of action of this drug are poorly under-
stood. As is the case with all plasma-derived products,
despite donor screening, plasma testing, and viral inacti-
vation steps used during manufacture, there remains the
risk of transmission of blood-borne viral or prion dis-
ease. Immune globulin intravenous (human) products
have also been associated with various adverse events
such as renal dysfunction, hypersensitivity reactions, and
thrombotic events [64]. Moreover, the amount of VIGIV
needed to treat adverse events might be underestimated,
as is its interaction with other co-administered thera-
peutics. In the 2009 progressive vaccinia case, a total of
16,740,000 units of intravenous VIGIV were adminis-
tered during over 3 months, along with oral and topical
ST-246, CMX001, and topical imiquimod. The total
amount of product administered was more than 334
doses, an amount previously thought sufficient for up to
30 patients [48]. These factors have led health officials
to suggest replacing VIGIV with a new product with
high-specific activity, well defined antibody specificity
and a similar or improved safety profile [12,13]. Poten-
tial VIGIV-replacements include human monoclonal
antibodies [47,65], humanized monoclonal antibodies
[66], and chimpanzee anti-B5 and anti-A33 monoclonal
antibodies [67,68].
The 4pox DNA vaccine targets immunogens located

on the MV (L1 and A27) and EV (A33 and B5). This
vaccine establishes protective immunity against ortho-
poxviruses as evidenced in several Orthopoxvirus
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Figure 7 Titration of protection conferred by passive transfer of anti-L1 monoclonal antibody in VACV IHD-J mouse model. Groups of
seven (50 μg dose) to 10 (5 and 0.5 μg groups) mice were inoculated s. c. with purified anti-L1 MAb-10F5 diluted in PBS. The next day, all 27
mice were challenged with 2 × 106 PFUPFU of virus intransally. Mice were monitored for 20 days. Moribund animals, or animals that lost more
than 30% of their starting weight, were euthanized. Days 0-14 are shown. No additional animals succumbed after day 12.

Golden et al. Virology Journal 2011, 8:441
http://www.virologyj.com/content/8/1/441

Page 12 of 18



challenge models, including MPXV challenge of NHPs
[32,34] and Golden, J.W. et al manuscript forthcoming).
The current study demonstrates that the antibodies pro-
duced by this vaccine are sufficient for protection, even
in immunocompromised mice (Figure 6). Despite being
a crude serum preparation, QVPA provided significant
protection against progressive vaccinia in the mouse
model. The level of protection was comparable to that
provided by a total dose of 40 mg of VIGIV, which is a
purified IgG preparation, suggesting that a combination
of specific MV and EV components may result in a
treatment with high specific activity. There could be
some non-specific inhibitory effects associated with the
introduction of heterologous (rabbit) sera into mice
because several animals treated with NRS had reduced
lesion size compared to placebo but, nevertheless, still
demonstrated a similar median survival time compared
to placebo controls. The ability of our 4pox DNA vac-
cine platform to generate highly potent protective poly-
clonal antibodies against defined and protective
Orthopoxvirus targets argues this system could be a sui-
table replacement for VIGIV that was produced from
pooled plasma from Dryvax-vaccinated individuals.
QVPA offers an advantage over monoclonal mixtures,
another possible VIGIV replacement, because monoclo-
nal antibody escape mutants have been shown to exist
among poxviruses. For example, a single-point mutation
in L1 at amino acid position 35 can prevent viral neu-
tralization by some otherwise neutralizing antibodies
[53]. This is a result of changes in the tertiary structure
of the previously reported L1 neutralizing epitope [69].
Accordingly, polyclonal antibodies may be preferable for
new immunoglobulin product seeking to mitigate the
deleterious events associated with a bioterrorism event
involving Orthopoxvirus, in particular genetically modi-
fied viruses. Additionally, redundant targeting of the EV
particles will be critical. We have reported that antibo-
dies against A33 do not efficiently cross-interact with
orthologs from VACV and MPXV [27]. Furthermore,
others have reported similar cross-reactively problems
associated with VACV and VARV B5 [70]. Therefore,
any future immunotherapeutic should target both mole-
cules, as well as the MV to ensure adequate cross-
protection.

Genetic vaccines for immunotherapeutic production
There is an emerging concern that some hostile entities
may deploy biological weapons (BW) as weapons of
mass destruction [71-73]. This concern is augmented by
official United States Government reports expressing
fear that BW technology is much cheaper and easier to
obtain compared to nuclear, and yet can deliver signifi-
cant destruction [74]. From a broader standpoint, the
use of DNA vaccination technology as a platform for

establishing protective immunity against bioterrorism
threat agents is particularly alluring because it has the
potential for rapid development of scalable vaccines
(months versus years) that are human-safe. This rapid
development is facilitated by the fact that molecular vac-
cines consist of DNA, which is obtainable by the advent
of sophisticated genomic sequencing, even without the
need to isolate an organism (e.g., sequencing the patho-
gen genome from infected tissue and de novo synthesis
of desired target, such as glycoproteins) [75]. DNA can
be produced under good-manufacturing product specifi-
cations (GMP) without the need for complex and time-
consuming processes of growing/attenuating/killing
virus or protein purification [76,77]. The data presented
in this study suggest another benefit of this technology
could be the relatively rapid generation of protective
antibodies. These antibodies could be used to aid in
protection against threat agents whose release into the
environment is imminent or occurring. These antibodies
could also be utilized in diagnostic tests. Moreover, the
antibodies could be used as immunotherapeutics to
bridge the immunity of persons exposed to threats while
vaccine-induced immunity builds. It could also enhance
and speed up adaptive immune responses through the
rapid generation of immune complexes in vivo [78].
This is similar to postexposure treatment of rabies,
where anti-rabies antibodies are co-administrated with
the vaccine [79]. DNA vaccine technology would seem
particularly useful for protection strategies involving the
simultaneous use of antibodies and vaccine, as the effi-
cacy of gene-based vaccines are not reduced by neutra-
lizing antibodies whereas the efficacy of whole virus
containing vaccine can be impacted by the presence of
antibodies. The notion of using DNA vaccines to
develop human-safe immunotherapeutics is augmented
by the development of humanized recombinant animal
systems that possess the ability to generate human anti-
bodies, including cattle capable of generating nearly-
human antibodies [80] and by direct cloning of human
heavy and light Ig chains from antigen-specific B cells
after smallpox vaccination (55). Such antibodies would
circumvent potential reactogenicity of antibodies made
in other species. The extent by which DNA vaccine
technology can be used to develop immunotherapeutics
against infectious agents, including biological threat
agents for which neither immune sera produced using
licensed vaccines nor convalescent sera/plasma are avail-
able, is a matter for future exploration.

Materials and methods
Animals
Female BALB/c and SCID/NCr mice were obtained
from the National Cancer Institute and used for passive
transfer experiments. Female New Zealand white rabbits
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were used for the generation of rabbit PAbs by DNA
vaccination. All animal work was approved by institu-
tional animal care and use committees.

Cells and viruses
VACV Connaught vaccine strain (derived from the New
York City Board of Health strain), VACV strain WR
(ATCC VR-1354), and VACV strain IHD-J (obtained
from Dr. Alan Schmaljohn) were all maintained in
VERO cell (ATCC CRL-1587) monolayers grown in
Eagle minimal essential medium, containing 5% heat-
inactivated fetal bovine serum (FBS), 1% antibiotics (100
U/ml penicillin, 100 μg/ml of streptomycin, and 50 μg/
ml of gentamicin), 10 mM HEPEs (cEMEM). A HeLa
cell passage of the smallpox vaccine virus (Dryvax;
derived from the New York City Board of Health strain
and produced as a vaccine by Wyeth) was obtained
from the laboratory of Dr. Michael Merchlinsky via
Hana Golding (CBER, FDA). COS-7 (COS) cells (ATCC
CRL-1651) were used for transient expression experi-
ments. BSC-1 cells (ATCC CCL-26) were used for pla-
que-reduction neutralization assays (PRNT) and EV
spread assays. Both BSC-1 and COS-7 cells were also
maintained in cEMEM.

DNA vaccination of rabbits by electroporation
Rabbits were vaccinated using muscle electroporation as
described previously [81]. Briefly, acclimated female
New Zealand white rabbits were vaccinated with 1.3 mg
of plasmid DNA per vaccination per animal using an
Inovio (San Diego, CA) Twin Injector electroporation
device. Rabbits were vaccinated on days 0, 28, 56, and
sera for QVPA were collected on day 70.

Immunogen-specific ELISA
VACV histidine-tagged antigens L1 (300 ng/well), A33
(50 ng/well), B5 (50 ng/well) and A27 (50 ng/well), pro-
duced in Escherichia coli or mammalian cells (B5 anti-
gen produced in baby hamster kidney cells) and purified
on nickel columns, were diluted in 0.1 M carbonate buf-
fer [pH 9.6] and plated in duplicate in the wells of a
high-binding, 96-well plate (Corning; Corning, NY). The
ELISA was performed in an identical manner as pre-
viously described (40). For assays involving anti-pox
mouse antibodies, the secondary antibody was hydrogen
peroxidase conjugated goat anti-mouse Ig (Sigma Cat
no. A4416) diluted 1:1000; and for assays involving anti-
pox rabbit antibodies, the secondary antibody was
hydrogen peroxidase conjugated goat anti-rabbit Ig
(KPL Cat no. 04-15-06) diluted 1:1000. For assays invol-
ving VIGIV, the secondary antibody was hydrogen per-
oxidase conjugated goat anti-human IgG, A, M (KPL
Cat no. 074-1007) diluted 1:500. End-point-titers were
determined as the highest dilution with an absorbance

value greater than the mean absorbance value from at
least three normal sera plus three standard deviations.

Neutralization Titers
The plaque-reduction neutralization test (PRNT) invol-
ving VACV strain IHD-J and BSC-1 cells was described
previously (43). All sera tested in the PRNT were incu-
bated at 56°C for 30 min. Plaques were counted and the
percent neutralization was calculated relative to the
number of plaques in the absence of antibody. Titers
represent the reciprocal of the highest dilution resulting
in a 50% reduction in the number of plaques. Mean
neutralization titers for individual mice were plotted ±
standard deviation.

Anti-EV functional antibody assays
The EV spread inhibition assay was performed as fol-
lows. VACV strain IHD-J was diluted in cEMEM to give
~25 PFU/ml. Aliquots of this viral suspension (100 μl)
were adsorbed onto BSC-1 confluent cell monolayer in
6-well plates for 1 h in a 37°C 5% CO2 incubator. Plates
were rocked ~15 min. After adsorption cells were rinsed
once with cEMEM and sera from the indicated groups
was added to the wells. All serum samples were heat
activated at 56°C for 30 min prior to use. After 18 h in
a 2 ml semisolid overlay (Earle’s basal minimal essential
medium, 1.5% methyl cellulose, 5% heat-inactivated FBS,
supplemented with antibiotics (100 U/ml penicillin, 100
μg/ml of streptomycin, and 50 μg/ml of gentamicin))
was added to each well. The cells were incubated for 3
d at 37°C in a 5% CO2 incubator. On day 3, cell mono-
layers were stained with 1 ml of a staining solution (3%
crystal violet and 15% ethanol in H2O). Satellite plaques
were counted and the percent spread inhibition was cal-
culated relative to the number of plaques in the absence
of antibody. All samples were analyzed in duplicate.
The EV neutralization assay was preformed as

reported previously [66]. Briefly, fresh EV particles (75-
100 PFU) were incubated for 1 h with the indicate sera
(diluted twofold starting at a 1:40) in the presence or
absence of 5% baby rabbit complement (Cedarlane) in
200 μL total volume. After incubation, 180 μl of the
mixture was adsorbed for 1 h on BSC-1 cell monolayers
in 6-well plates. Warm PBS was used to wash away
unbound virus and 2 ml semisolid overlay (see above)
was added to each well. All samples included an anti-
MV antibodies, MAb-10F5 (1:100) which targets the L1
molecule [30]. After 4 days, plaques were stained with
crystal violet as described above. Plaques were counted
and the percent neutralization was calculated relative to
the number of plaques in the absence of anti-EV anti-
body or in the absence of anti-EV antibody, but in the
presence of complement. EV neutralization titers repre-
sent the reciprocal of the highest dilution resulting in a
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50% reduction in the number of plaques. Mean neutrali-
zation titers for individual mice were plotted ± standard
deviation.

Passive transfer of antibodies
For experiments using non-luciferase expressing VACV,
Groups of eight BALB/c mice (9-11-weeks old) were
anesthetized, ear tagged, weighed, and bled on day -7.
On day -1 the mice were weighed again and then 300
μL of the indicated heat-inactivated rabbit or NHP
serum from a previous study [34] were injected subcuta-
neously behind the neck. For combinations of rabbit
sera, 75 μL of each PAb were administered in a total
volume 300 μL. For monoclonal antibodies, the indi-
cated concentration of MAb was diluted in PBS in a
total volume of 300 μL and injected subcutaneously
behind the neck.

VACV strain IHD-J challenges
For experiments using non-luciferase expressing
VACV, mice were anesthetized and weighed before
intranasal administration of 50 μl of PBS containing 2
× 106 PFU of VACV strain IHD-J using a plastic pip-
ette tip (25 μl per nare). This dose is three times the
LD50. Subsequently, mice were observed and weighed
daily for 14 d. Moribund mice (> 30% body weight)
were euthanized.

Progressive vaccinia model
Aliquots of HeLa-passaged Dryvax (VACV, New York
Board of Health strain) were removed from -70°C sto-
rage, thawed on ice, and sonicated for three cycles each
consisting of 15 sec at 90% power, 50% duty cycle and
15 sec on ice. Virus was diluted to the required concen-
tration in cDMEM (Dubelco’s minimal essential medium
containing 10% fetal bovine serum, 4.5 mg/mL of D-glu-
cose, 110 μg/mL of sodium pyruvate, 100 μM nonessen-
tial amino acids, 100 U/mL of penicillin/streptomycin,
and 0.25 μg/mL of amphotericin) and kept on ice before
scarification. To perform scarification, mice (n = 7 per
group) were anesthetized with ketamine/xylazine and
the fur removed from the lower back area using clip-
pers. Ten μl of the virus inoculum (i.e., 106 PFU/mL for
a 104 PFU challenge) were pipetted onto the skin cover-
ing the cartilageous area proximal to the base of the tail.
A bifurcated vaccination needle (Precision Medical Pro-
ducts, Denver, PA) was used to deliver 20 punctures
through the inoculums solution. VIGIV (10 mg), QVPA
(1:10 or 1:100 in PBS), or normal rabbit sera (NRS)
(1:10 in PBS) was administered via intraperitoneal (i.p.)
injection on days 2, 5, 10, and 15 after VACV exposure.
Mice were monitored for clinical signs including weight
loss, ruffled fur, breathing difficulties, or hunched pos-
ture. Mice that lost 25% of their original body weight,

exhibited limping or guarding behavior of a limb,
remained hunched after stimulation, had difficulty
breathing, had severe swelling of the mouth or throat
interfering with eating or drinking, or were moribund
were euthanized according to preset euthanasia criteria.

Method for measuring lesion size
Lesion area analysis was performed with ImageJ using
digital photographs and a calibrated reference as
described in Rasband, W.S., ImageJ, U. S. National Insti-
tutes of Health, Bethesda, Maryland, USA, http://imagej.
nih.gov/ij/, 1997-2011.

Whole-body bioimaging using luciferase expressing VACV
A recombinant IHD-J vaccinia virus expressing lucifer-
ase (IHD-J-Luc) was constructed by Dr. Jerry Weir and
Michael Merchlinsky and kindly provided for this study
(81). Five-week-old female BALB/c mice (National Can-
cer Institute, Frederick, MD) were used in bioimaging
experiments. Mice were anesthetized before infection by
i.p. injection of 20 μl per g of body weight of 2, 2, 2-tri-
bromoethanol dissolved in tertiary amyl alcohol and
diluted in sterile PBS according to manufacturer’s
instructions. Mice were challenged i.n. with 105 PFU (2
LD50) of IHD-J-Luc in 10 μl volume delivered in one
nostril.
Animals received a single dose administration of PBS,

NRS, anti-EV, anti-MV, or QVPA cocktails in 400 μl
volumes delivered via s. c. injections at the upper part
of the back 1 day before challenge. The anti-EV and
anti-MV cocktails were diluted 1:1 with PBS before
injection to maintain similar concentration of anti-EV
and anti-MV antibodies as in QVPA, The handling of
mice and experimental procedures used in bioimaging
were approved by the CBER animal study review
committee

In vivo measurements of luciferase activity
Ten to 15 min before imaging, mice received a single
injection of D-luciferin potassium salt (Caliper Life
Sciences, Hopkinton, MA) at 150 μg/g body weight, i. p.
After anesthesia in the oxygen-rich induction chamber
with 2% isofluorane, mice were imaged using IVIS 50
cooled charge-coupled device camera system (Caliper)
as previously described [46]. Images were collected daily
during first 10 days postchallenge, and were analyzed
with the LivingImage 3.02 software (Caliper). The
amount of light emitted by replicating virus in live ani-
mals was measured by establishing a single region of
interest (ROI) for each organ as recommended by the
manufacturer. The background bioluminescence was
determined using images of D-luciferin-injected animals
1 day before infections and was subtracted from experi-
mental values.
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Statistical analysis
Kaplan Meier survival curves of time-to-death after
infection were generated using standard GraphPad
Prism V5 software. Total lesion areas on day 19 were
compared using one-way ANOVA and Tukey’s multiple
comparison test. t-statistic was employed to compare
mean total fluxes between infected control mice (PBS-
treated) and infected and treated mice (anti-EV, anti-
MV, QVPA, and NRS) using Microsoft Excel.

Additional material

Additional file 1: Images of mice infected with IHD-J-Luc and either
treated or not with anti-QVPA cocktail. Mice described in the legend
to Figure 4 were subjected to whole-body imaging daily for 10 days or
during survival. Representative sequential images of mice 1, 2, and 3
from control group (PBS only, panels A and C) and of mice 1, 2, and 3
from the group that received QVPA (panels B and D) are shown. Images
of heads (A, B) were acquired from the same mice as images of the
torso (C, D) but using shorter exposure to avoid saturation of the camera
due to high signal from the nasal cavity. Images from control and from
treated mice were collected on day 1-6 (A, C) and on day 1-9 (B, D),
respectively.

Acknowledgements
We thank Matthew Josleyn, Andrew Wells and Leslie Jones for their
technical assistance in completing this work. We thank Michael Merchlinsky
and Jerry P. Weir for providing IHD-J-Luc vaccinia virus. Opinions,
interpretations, conclusions, and recommendations are those of the author
and are not necessarily endorsed by the U.S. Army or the Department of
Defense. Research was conducted in compliance with the Animal Welfare
Act and other federal statutes and regulations relating to animals and
experiments involving animals and adheres to principles state in the Guide
for the Care and Use of Laboratory Animals, National Research Council, 1996.
The facilities where this research was conducted are fully accredited by the
Association for Assessment and Accreditation of Laboratory Animal Care
International. This project has been funded in part with Federal funds from
the National Institute of Allergy and Infectious Diseases, National Institutes of
Health, Department of Health and Human Services under IAA 224-06-1322
and IAA Y1-AI-9426-02, Appendix A120 B.19.

Author details
1Virology Division, United States Army Medical Research Institute of
Infectious Diseases, Fort Detrick, MD 21702, USA. 2Division of Viral Products,
Center for Biologics Evaluation and Research, Food and Drug Administration,
Bethesda, MD 20892, USA. 3Division of Hematology, Center for Biologics
Evaluation and Research, Food and Drug Administration, Bethesda, MD
20892, USA. 4Aldevron, LLC, Fargo, ND, 5810, USA.

Authors’ contributions
JH and JG were involved in the concept and design of the experiments
characterizing the polyclonal sera and using it in passive transfer studies. MZ,
SK, and HG were involved in the concept and design of the challenge
experiments involving bioluminescence. RF and MM were involved in the
concept and design of the progressive vaccinia model work, and JB was in
involved in the concept and design of the experiments involving muscle
electroporation of rabbits for production of polyclonal sera. All authors were
involved in the writing, editing, and reviewing the manuscript.

Competing interests
J. Hooper is a co-inventor on U.S. patents 6,562,376 and 6,620,412 that are
indirectly related to the work described herein.

Received: 13 August 2011 Accepted: 20 September 2011
Published: 20 September 2011

References
1. Bhanuprakash V, Venkatesan G, Balamurugan V, Hosamani M,

Yogisharadhya R, Gandhale P, Reddy KV, Damle AS, Kher HN, Chandel BS,
et al: Zoonotic Infections of Buffalopox in India. Zoonoses Public Health
2009.

2. Essbauer S, Pfeffer M, Meyer H: Zoonotic poxviruses. Vet Microbiol 2010,
140:229-236.

3. Lewis-Jones S: The zoonotic poxviruses. Dermatol Nurs 2002, 14:79-82, 85-
76; quiz 87.

4. Singh RK, Hosamani M, Balamurugan V, Bhanuprakash V, Rasool TJ,
Yadav MP: Buffalopox: an emerging and re-emerging zoonosis. Anim
Health Res Rev 2007, 8:105-114.

5. Reed KD, Melski JW, Graham MB, Regnery RL, Sotir MJ, Wegner MV,
Kazmierczak JJ, Stratman EJ, Li Y, Fairley JA, et al: The detection of
monkeypox in humans in the Western Hemisphere. N Engl J Med 2004,
350:342-350.

6. Glatz M, Richter S, Ginter-Hanselmayer G, Aberer W, Mullegger RR: Human
cowpox in a veterinary student. Lancet Infect Dis 2010, 10:288.

7. Acambis: Package insert. ACAM2000 smallpox (vaccinia) vaccine, live 2008.
8. Cangene: Package insert. CNJ-016 Vaccinia Immune Globulin Intravenous

(human), steril solution 2009.
9. Monath TP, Caldwell JR, Mundt W, Fusco J, Johnson CS, Buller M, Liu J,

Gardner B, Downing G, Blum PS, et al: ACAM2000 clonal Vero cell culture
vaccinia virus (New York City Board of Health strain)–a second-
generation smallpox vaccine for biological defense. Int J Infect Dis 2004,
8(Suppl 2):S31-44.

10. Lane JM, Goldstein J: Adverse events occurring after smallpox
vaccination. Semin Pediatr Infect Dis 2003, 14:189-195.

11. Artenstein AW, Johnson C, Marbury TC, Morrison D, Blum PS, Kemp T,
Nichols R, Balser JP, Currie M, Monath TP: A novel, cell culture-derived
smallpox vaccine in vaccinia-naive adults. Vaccine 2005, 23:3301-3309.

12. Wittek R: Vaccinia immune globulin: current policies, preparedness, and
product safety and efficacy. Int J Infect Dis 2006, 10:193-201.

13. Hopkins RJ, Kramer WG, Blackwelder WC, Ashtekar M, Hague L, Winker-La
Roche SD, Berezuk G, Smith D, Leese PT: Safety and pharmacokinetic
evaluation of intravenous vaccinia immune globulin in healthy
volunteers. Clin Infect Dis 2004, 39:759-766.

14. Kesson AM, Ferguson JK, Rawlinson WD, Cunningham AL: Progressive
vaccinia treated with ribavirin and vaccinia immune globulin. Clin Infect
Dis 1997, 25:911-914.

15. Seth V, Malaviya AN, Gopalan PR, Ghai OP: Progressive vaccinia
successfully treated with vaccinia immune globulins. Indian Pediatr 1978,
15:67-72.

16. Kempe CH: Studies smallpox and complications of smallpox vaccination.
Pediatrics 1960, 26:176-189.

17. Barbero GJ, Gray A, Scott TF, Kempe CH: Vaccinia gangrenosa treated with
hyperimmune vaccinal gamma globulin. Pediatrics 1955, 16:609-618.

18. Antoine G, Scheiflinger F, Dorner F, Falkner FG: The complete genomic
sequence of the modified vaccinia Ankara strain: comparison with other
orthopoxviruses. Virology 1998, 244:365-396.

19. Berhanu A, Wilson RL, Kirkwood-Watts DL, King DS, Warren TK, Lund SA,
Brown LL, Krupkin AK, Vandermay E, Weimers W, et al: Vaccination of
BALB/c mice with Escherichia coli-expressed vaccinia virus proteins
A27L, B5R, and D8L protects mice from lethal vaccinia virus challenge. J
Virol 2008, 82:3517-3529.

20. Braxton CL, Puckett SH, Mizel SB, Lyles DS: Protection against lethal
vaccinia virus challenge by using an attenuated matrix protein mutant
vesicular stomatitis virus vaccine vector expressing poxvirus antigens. J
Virol 2010, 84:3552-3561.

21. Buchman GW, Cohen ME, Xiao Y, Richardson-Harman N, Silvera P,
Detolla LJ, Davis HL, Eisenberg RJ, Cohen GH, Isaacs SN: A protein-based
smallpox vaccine protects non-human primates from a lethal
monkeypox virus challenge. Vaccine 2010, 28:6627-6636.

22. Davies DH, McCausland MM, Valdez C, Huynh D, Hernandez JE, Mu Y,
Hirst S, Villarreal L, Felgner PL, Crotty S: Vaccinia virus H3L envelope
protein is a major target of neutralizing antibodies in humans and elicits
protection against lethal challenge in mice. J Virol 2005, 79:11724-11733.

23. Demkowicz WE, Maa JS, Esteban M: Identification and characterization of
vaccinia virus genes encoding proteins that are highly antigenic in
animals and are immunodominant in vaccinated humans. J Virol 1992,
66:386-398.

Golden et al. Virology Journal 2011, 8:441
http://www.virologyj.com/content/8/1/441

Page 16 of 18

http://www.biomedcentral.com/content/supplementary/1743-422X-8-441-S1.PDF
http://www.ncbi.nlm.nih.gov/pubmed/19828265?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12017086?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17692147?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14736926?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14736926?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20334852?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20334852?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15491873?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15491873?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15491873?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12913830?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12913830?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15837236?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15837236?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16564720?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16564720?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15472804?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15472804?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15472804?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9356807?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9356807?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/78892?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/78892?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14408455?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/13273097?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/13273097?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9601507?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9601507?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9601507?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18199639?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18199639?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18199639?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20089648?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20089648?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20089648?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20659519?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20659519?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20659519?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16140750?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16140750?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16140750?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1727494?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1727494?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1727494?dopt=Abstract


24. Fogg C, Lustig S, Whitbeck JC, Eisenberg RJ, Cohen GH, Moss B: Protective
immunity to vaccinia virus induced by vaccination with multiple
recombinant outer membrane proteins of intracellular and extracellular
virions. J Virol 2004, 78:10230-10237.

25. Fogg CN, Americo JL, Lustig S, Huggins JW, Smith SK, Damon I, Resch W,
Earl PL, Klinman DM, Moss B: Adjuvant-enhanced antibody responses to
recombinant proteins correlates with protection of mice and monkeys
to orthopoxvirus challenges. Vaccine 2007, 25:2787-2799.

26. Galmiche MC, Goenaga J, Wittek R, Rindisbacher L: Neutralizing and
protective antibodies directed against vaccinia virus envelope antigens.
Virology 1999, 254:71-80.

27. Golden JW, Hooper JW: Heterogeneity in the A33 protein impacts the
cross-protective efficacy of a candidate smallpox DNA vaccine. Virology
2008, 377:19-29.

28. Golden JW, Josleyn MD, Hooper JW: Targeting the vaccinia virus L1
protein to the cell surface enhances production of neutralizing
antibodies. Vaccine 2008, 26:3507-3515.

29. Heraud JM, Edghill-Smith Y, Ayala V, Kalisz I, Parrino J, Kalyanaraman VS,
Manischewitz J, King LR, Hryniewicz A, Trindade CJ, et al: Subunit
recombinant vaccine protects against monkeypox. J Immunol 2006,
177:2552-2564.

30. Hooper JW, Custer DM, Schmaljohn CS, Schmaljohn AL: DNA vaccination
with vaccinia virus L1R and A33R genes protects mice against a lethal
poxvirus challenge. Virology 2000, 266:329-339.

31. Hooper JW, Custer DM, Thompson E: Four-gene-combination DNA
vaccine protects mice against a lethal vaccinia virus challenge and
elicits appropriate antibody responses in nonhuman primates. Virology
2003, 306:181-195.

32. Hooper JW, Ferro AM, Golden JW, Silvera P, Dudek J, Alterson K, Custer M,
Rivers B, Morris J, Owens G, et al: Molecular smallpox vaccine delivered by
alphavirus replicons elicits protective immunity in mice and non-human
primates. Vaccine 2009.

33. Hooper JW, Golden JW, Ferro AM, King AD: Smallpox DNA vaccine
delivered by novel skin electroporation device protects mice against
intranasal poxvirus challenge. Vaccine 2007, 25:1814-1823.

34. Hooper JW, Thompson E, Wilhelmsen C, Zimmerman M, Ichou MA,
Steffen SE, Schmaljohn CS, Schmaljohn AL, Jahrling PB: Smallpox DNA
vaccine protects nonhuman primates against lethal monkeypox. J Virol
2004, 78:4433-4443.

35. Kaufman DR, Goudsmit J, Holterman L, Ewald BA, Denholtz M, Devoy C,
Giri A, Grandpre LE, Heraud JM, Franchini G, et al: Differential antigen
requirements for protection against systemic and intranasal vaccinia
virus challenges in mice. J Virol 2008, 82:6829-6837.

36. Pulford DJ, Gates A, Bridge SH, Robinson JH, Ulaeto D: Differential efficacy
of vaccinia virus envelope proteins administered by DNA immunisation
in protection of BALB/c mice from a lethal intranasal poxvirus challenge.
Vaccine 2004, 22:3358-3366.

37. Sakhatskyy P, Wang S, Chou TH, Lu S: Immunogenicity and protection
efficacy of monovalent and polyvalent poxvirus vaccines that include
the D8 antigen. Virology 2006, 355:164-174.

38. Sakhatskyy P, Wang S, Zhang C, Chou TH, Kishko M, Lu S: Immunogenicity
and protection efficacy of subunit-based smallpox vaccines using variola
major antigens. Virology 2007.

39. Xiao Y, Aldaz-Carroll L, Ortiz AM, Whitbeck JC, Alexander E, Lou H, Davis HL,
Braciale TJ, Eisenberg RJ, Cohen GH, Isaacs SN: A protein-based smallpox
vaccine protects mice from vaccinia and ectromelia virus challenges
when given as a prime and single boost. Vaccine 2007, 25:1214-1224.

40. Slifka MK: The Future of Smallpox Vaccination: is MVA the key? Med
Immunol 2005, 4:2.

41. Golden JW, Hooper JW: Evaluating the Orthopoxvirus type I Interferon
Binding Molecule as a Vaccine Target in the Vaccinia Virus Intranasal
Murine Challenge Model. Clinical and Vaccine Immunology 2010.

42. Xu RH, Cohen M, Tang Y, Lazear E, Whitbeck JC, Eisenberg RJ, Cohen GH,
Sigal LJ: The orthopoxvirus type I IFN binding protein is essential for
virulence and an effective target for vaccination. J Exp Med 2008,
205:981-992.

43. Moise L, Buller RM, Schriewer J, Lee J, Frey SE, Weiner DB, Martin W, De
Groot AS: VennVax, a DNA-prime, peptide-boost multi-T-cell epitope
poxvirus vaccine, induces protective immunity against vaccinia infection
by T cell response alone. Vaccine 2011, 29:501-511.

44. Snyder JT, Belyakov IM, Dzutsev A, Lemonnier F, Berzofsky JA: Protection
against lethal vaccinia virus challenge in HLA-A2 transgenic mice by
immunization with a single CD8+ T-cell peptide epitope of vaccinia and
variola viruses. J Virol 2004, 78:7052-7060.

45. Isaacs SN: Improved smallpox vaccines. In New Generation Vaccines.. 4
edition. Edited by: evine MM, Dougan G, Good MF, Liu B, Nabel EG, Nataro
JP, Rappuoli R. New York: Informa Helthcare; 2010:838-850.

46. Zaitseva M, Kapnick SM, Scott J, King LR, Manischewitz J, Sirota L,
Kodihalli S, Golding H: Application of bioluminescence imaging to the
prediction of lethality in vaccinia virus-infected mice. J Virol 2009,
83:10437-10447.

47. Zaitseva M, Kapnick SM, Meseda CA, Shotwell E, King LR, Manischewitz J,
Scott J, Kodihalli S, Merchlinsky M, Nielsen H, et al: Passive
Immunotherapies Protect WRvFire and IHD-J-Luc Vaccinia Virus-Infected
Mice from Lethality by Reducing Viral Loads in the Upper Respiratory
Tract and Internal Organs. J Virol 2011, 85:9147-9158.

48. Progressive vaccinia in a military smallpox vaccinee - United States,
2009. MMWR Morb Mortal Wkly Rep 2009, 58:532-536.

49. Fisher RW, Reed JL, Snoy PJ, Mikolajczyk MG, Bray M, Scott DE,
Kennedy MC: Postexposure prevention of progressive vaccinia in SCID
mice treated with vaccinia immune globulin. Clin Vaccine Immunol 2011,
18:67-74.

50. Benhnia MR, McCausland MM, Su HP, Singh K, Hoffmann J, Davies DH,
Felgner PL, Head S, Sette A, Garboczi DN, Crotty S: Redundancy and
plasticity of neutralizing antibody responses are cornerstone attributes
of the human immune response to the smallpox vaccine. J Virol 2008,
82:3751-3768.

51. Davies DH, Molina DM, Wrammert J, Miller J, Hirst S, Mu Y, Pablo J, Unal B,
Nakajima-Sasaki R, Liang X, et al: Proteome-wide analysis of the
serological response to vaccinia and smallpox. Proteomics 2007,
7:1678-1686.

52. Lustig S, Fogg C, Whitbeck JC, Eisenberg RJ, Cohen GH, Moss B:
Combinations of polyclonal or monoclonal antibodies to proteins of the
outer membranes of the two infectious forms of vaccinia virus protect
mice against a lethal respiratory challenge. J Virol 2005, 79:13454-13462.

53. Ichihashi Y, Oie M: Neutralizing epitope on penetration protein of
vaccinia virus. Virology 1996, 220:491-494.

54. Wolffe EJ, Vijaya S, Moss B: A myristylated membrane protein encoded by
the vaccinia virus L1R open reading frame is the target of potent
neutralizing monoclonal antibodies. Virology 1995, 211:53-63.

55. Rodriguez JF, Janeczko R, Esteban M: Isolation and characterization of
neutralizing monoclonal antibodies to vaccinia virus. J Virol 1985,
56:482-488.

56. Hsiao JC, Chung CS, Chang W: Vaccinia virus envelope D8L protein binds
to cell surface chondroitin sulfate and mediates the adsorption of
intracellular mature virions to cells. J Virol 1999, 73:8750-8761.

57. Maa JS, Rodriguez JF, Esteban M: Structural and functional
characterization of a cell surface binding protein of vaccinia virus. J Biol
Chem 1990, 265:1569-1577.

58. Lustig S, Fogg C, Whitbeck JC, Moss B: Synergistic neutralizing activities of
antibodies to outer membrane proteins of the two infectious forms of
vaccinia virus in the presence of complement. Virology 2004, 328:30-35.

59. Law M, Smith GL: Antibody neutralization of the extracellular enveloped
form of vaccinia virus. Virology 2001, 280:132-142.

60. Vanderplasschen A, Hollinshead M, Smith GL: Antibodies against vaccinia
virus do not neutralize extracellular enveloped virus but prevent virus
release from infected cells and comet formation. J Gen Virol 1997, 78(Pt
8):2041-2048.

61. Benhnia MR, McCausland MM, Moyron J, Laudenslager J, Granger S,
Rickert S, Koriazova L, Kubo R, Kato S, Crotty S: Vaccinia virus extracellular
enveloped virion neutralization in vitro and protection in vivo depend
on complement. J Virol 2009, 83:1201-1215.

62. Kitamura H: Interspecies incompatibilities of Complement Factors and
Regulators. In The Complement System. Volume 1.. 5 edition. Edited by:
Rother K, Till GO, Hansch GM. Berlin: Springer; 1998:179-187.

63. Update: multistate outbreak of monkeypox–Illinois, Indiana, Kansas,
Missouri, Ohio, and Wisconsin, 2003. MMWR Morb Mortal Wkly Rep 2003,
52:642-646.

64. Caress JB, Kennedy BL, Eickman KD: Safety of intravenous
immunoglobulin treatment. Expert Opin Drug Saf 2010, 9:971-979.

Golden et al. Virology Journal 2011, 8:441
http://www.virologyj.com/content/8/1/441

Page 17 of 18

http://www.ncbi.nlm.nih.gov/pubmed/15367588?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15367588?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15367588?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15367588?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17229505?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17229505?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17229505?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9927575?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9927575?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18482742?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18482742?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18485547?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18485547?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18485547?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16888017?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16888017?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10639319?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10639319?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10639319?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12620810?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12620810?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12620810?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17240007?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17240007?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17240007?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15078924?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15078924?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18448519?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18448519?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18448519?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15308360?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15308360?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15308360?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16919703?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16919703?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16919703?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17098336?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17098336?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17098336?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15740619?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18391063?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18391063?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21055490?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21055490?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21055490?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15194781?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15194781?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15194781?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15194781?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19656894?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19656894?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21715493?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21715493?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21715493?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21715493?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21106779?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21106779?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18234801?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18234801?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18234801?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17443847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17443847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16227266?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16227266?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16227266?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8661400?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8661400?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7645236?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7645236?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7645236?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4057358?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4057358?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10482629?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10482629?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10482629?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2104847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2104847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15380355?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15380355?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15380355?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11162827?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11162827?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9267005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9267005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9267005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19019965?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19019965?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19019965?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20408737?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20408737?dopt=Abstract


65. Lantto J, Haahr Hansen M, Rasmussen SK, Steinaa L, Poulsen TR, Duggan J,
Dennis M, Naylor I, Easterbrook L, Bregenholt S, et al: Capturing the natural
diversity of the human antibody response against vaccinia virus. J Virol
2011, 85:1820-1833.

66. Benhnia MR, McCausland MM, Laudenslager J, Granger SW, Rickert S,
Koriazova L, Tahara T, Kubo RT, Kato S, Crotty S: Heavily isotype-dependent
protective activities of human antibodies against vaccinia virus
extracellular virion antigen B5. J Virol 2009, 83:12355-12367.

67. Chen Z, Earl P, Americo J, Damon I, Smith SK, Yu F, Sebrell A, Emerson S,
Cohen G, Eisenberg RJ, et al: Characterization of chimpanzee/human
monoclonal antibodies to the vaccinia A33 glycoprotein and its variola
virus homolog in vitro and in a vaccinia mouse protection model. J Virol
2007.

68. Chen Z, Earl P, Americo J, Damon I, Smith SK, Zhou YH, Yu F, Sebrell A,
Emerson S, Cohen G, et al: Chimpanzee/human mAbs to vaccinia virus B5
protein neutralize vaccinia and smallpox viruses and protect mice
against vaccinia virus. Proc Natl Acad Sci USA 2006, 103:1882-1887.

69. Su HP, Golden JW, Gittis AG, Hooper JW, Garboczi DN: Structural basis for
the binding of the neutralizing antibody, 7D11, to the poxvirus L1
protein. Virology 2007.

70. Aldaz-Carroll L, Xiao Y, Whitbeck JC, de Leon MP, Lou H, Kim M, Yu J,
Reinherz EL, Isaacs SN, Eisenberg RJ, Cohen GH: Major neutralizing sites on
vaccinia virus glycoprotein B5 are exposed differently on variola virus
ortholog B6. J Virol 2007, 81:8131-8139.

71. Hilleman MR: Overview: cause and prevention in biowarfare and
bioterrorism. Vaccine 2002, 20:3055-3067.

72. Kortepeter MG, Parker GW: Potential biological weapons threats. Emerg
Infect Dis 1999, 5:523-527.

73. O’Toole T, Mair M, Inglesby TV: Shining light on “Dark Winter”. Clin Infect
Dis 2002, 34:972-983.

74. Graham B, Talent J: Bioterrorism: redefining prevention. Biosecur Bioterror
2009, 7:125-126.

75. Azhikina T, Skvortsov T, Radaeva T, Mardanov A, Ravin N, Apt A, Sverdlov E:
A new technique for obtaining whole pathogen transcriptomes from
infected host tissues. Biotechniques 48:139-144.

76. Carnes AE, Williams JA: Plasmid DNA manufacturing technology. Recent
Pat Biotechnol 2007, 1:151-166.

77. Forde GM: Rapid-response vaccines–does DNA offer a solution? Nat
Biotechnol 2005, 23:1059-1062.

78. Baumgarth N: The double life of a B-1 cell: self-reactivity selects for
protective effector functions. Nat Rev Immunol 11:34-46.

79. Nigg AJ, Walker PL: Overview, prevention, and treatment of rabies.
Pharmacotherapy 2009, 29:1182-1195.

80. Kuroiwa Y, Kasinathan P, Sathiyaseelan T, Jiao JA, Matsushita H,
Sathiyaseelan J, Wu H, Mellquist J, Hammitt M, Koster J, et al: Antigen-
specific human polyclonal antibodies from hyperimmunized cattle. Nat
Biotechnol 2009, 27:173-181.

81. Hooper JW, Ferro AM, Wahl-Jensen V: Immune serum produced by DNA
vaccination protects hamsters against lethal respiratory challenge with
Andes virus. J Virol 2008, 82:1332-1338.

doi:10.1186/1743-422X-8-441
Cite this article as: Golden et al.: Polyclonal antibody cocktails
generated using DNA vaccine technology protect in murine models of
orthopoxvirus disease. Virology Journal 2011 8:441.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Golden et al. Virology Journal 2011, 8:441
http://www.virologyj.com/content/8/1/441

Page 18 of 18

http://www.ncbi.nlm.nih.gov/pubmed/21147924?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21147924?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19793826?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19793826?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19793826?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16436502?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16436502?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16436502?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17522205?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17522205?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17522205?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12163257?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12163257?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10458957?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11880964?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19538044?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19075838?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16151391?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19792992?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19151699?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19151699?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18032485?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18032485?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18032485?dopt=Abstract

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Sera from NHP vaccinated with the 4pox DNA vaccine protected mice against lethal respiratory challenge with VACV
	Vaccination of rabbits with L1R, A27L, B5R and A33L DNA vaccines by muscle electroporation elicits antibody responses against each target immunogen
	Bioimaging of normal BALB/c mice infected with IHD-J-Luc recombinant vaccinia virus after prophylactic treatments with immune rabbit sera
	Reduction in pox formation after pretreatment with antibody cocktails
	QVPA protects SCID mice from lethal disease

	Discussion
	Polyclonal antibodies targeting both the Orthopoxvirus MVs and EVs are critical for protection
	Antibodies against each antigen contribute to protection
	An alternative to VIGIV
	Genetic vaccines for immunotherapeutic production

	Materials and methods
	Animals
	Cells and viruses
	DNA vaccination of rabbits by electroporation
	Immunogen-specific ELISA
	Neutralization Titers
	Anti-EV functional antibody assays
	Passive transfer of antibodies
	VACV strain IHD-J challenges
	Progressive vaccinia model
	Method for measuring lesion size
	Whole-body bioimaging using luciferase expressing VACV
	In vivo measurements of luciferase activity
	Statistical analysis

	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References

